Perinatal exposure to testosterone (T), which can act upon both the androgen receptor (AR) and, via aromatization of T into estrogens, upon estrogen receptors, organizes many adult behaviors in rodents. We compared behaviors in wild-type (WT) male rats and AR-deficient rats with the testicular feminization mutation (Tfm), which on the day of birth were either gonadectomized (Neo-Gdx) or sham operated. In adulthood, all rats were either gonadectomized or sham operated and implanted with T capsules to equilibrate circulating androgens. In each of four tests of behavior related to anxiety (open field, novel object exposure, light/dark box, and elevated plus maze), Neo-Gdx rats showed decreased indices of anxiety and increased activity compared with rats sham operated on the day of birth, with no differences between WT or Tfm males within treatment groups. These results indicate that testicular hormones act in development to increase adult indices of anxiety and decrease activity in males and that functional ARs are not required for this effect. Acoustic startle response was also reduced by Neo-Gdx, suggesting that postnatal testicular secretions potentiate this behavior as well. Adult corticosterone levels and sensorimotor gating, as measured by prepulse inhibition of the acoustic startle response, were increased by neonatal castration in both WT and Tfm rats. These findings indicate a role of T before adulthood in the organization of anxiety-related behaviors, activity, the hypothalamic-pituitary-adrenal axis, and sensorimotor gating in rats, all of which appears to be AR independent. (Endocrinology 152: 1572-1581, 2011) I n rodents, exposure to hormones around the time of birth can "organize" adult sex differences in both the central nervous system and behavior (1-4). Traditionally, sex differences in behavior and brain morphology are believed to result from testicular production of testosterone (T) in males in early development. According to the aromatization hypothesis, T is converted locally in the brain by the enzyme aromatase to estrogens, which then activate estrogen receptors (ERs) to masculinize the rodent brain (5). However, emerging evidence suggests that activation of the androgen receptor (AR) also contributes to the masculinization of brain and behavior in rodents (6 -9), so the issue of the relative contribution of ER and AR to masculinization of rodent behavior remains open.
I
n rodents, exposure to hormones around the time of birth can "organize" adult sex differences in both the central nervous system and behavior (1) (2) (3) (4) . Traditionally, sex differences in behavior and brain morphology are believed to result from testicular production of testosterone (T) in males in early development. According to the aromatization hypothesis, T is converted locally in the brain by the enzyme aromatase to estrogens, which then activate estrogen receptors (ERs) to masculinize the rodent brain (5) . However, emerging evidence suggests that activation of the androgen receptor (AR) also contributes to the masculinization of brain and behavior in rodents (6 -9) , so the issue of the relative contribution of ER and AR to masculinization of rodent behavior remains open.
The most apparent sex differences in rodent behavior are related to sexual behavior. Prenatal administration of T to guinea pigs masculinizes sexual behaviors in both females and males gonadectomized before adulthood (1) , indicating a role of T in the organization of this sex difference. Androgen's effects on sexual behavior have commonly been attributed to effects of estrogens acting upon ERs to mediate these effects (10, 11) , although recent studies using nervous systemspecific AR deletion have demonstrated that ARs also normally play a role in the full masculinization of sexual behavior in mice (12, 13) . Early hormone exposure also contributes to sex differences in rodent spatial memory performance in the Morris water maze (males perform better than females). Neonatal castration of males or administration of T to newborn females eliminates such sex differences (14) , an effect that appears to be mediated through both ERs and ARs (15) (16) (17) .
In rats there are also sex differences in tests of anxiety, with females typically showing decreased indices of anx-iety and greater activity compared with males (18 -23) . These differences appear to depend on both organizational and activational effects of hormones. Neonatal gonadectomy of male rats eliminates sex differences in anxiety-related behaviors in the elevated plus maze (EPM) (22) . Furthermore, female rats receiving either neonatal treatment with an ER antagonist (tamoxifen) or prepubertal ovariectomy show greater indices of anxiety in the EPM compared with control females (23) . In adulthood, administration of either estrogens or androgens generally results in decreased anxiety-related behavior in rodents (24 -30) apparently by acting on both ERs and ARs (6, 26, 30 -32) . Sex differences in anxiety-related behaviors are also associated with sex differences in hypothalamic-pituitary-adrenal (HPA) axis activation, in which gonadally intact female rats show a greater release of stress hormones from the pituitary (ACTH) and adrenal glands (corticosterone) in both basal and anxiety-provoking situations (33, 34) . Androgens and estrogens acting in development and adulthood appear to contribute to these differences (33, (35) (36) (37) .
Sex differences in sensorimotor gating have also been reported in humans and some strains of mice and rats (38 -41) as assessed by an experimental model of sensorimotor gating, prepulse inhibition (PPI) of the acoustic startle response (ASR). In adult rodents, circulating levels of both androgens and estrogens can influence aspects of PPI (42) (43) (44) , and these effects appear to be largely mediated through activation of ERs rather than ARs (6, 43) .
Previous studies have indicated that androgens in adulthood modulate anxiety-related behaviors (24, 27) , sensorimotor gating (44) , and HPA axis activity in rodents (33) (34) (35) . However, less is known about the effects of androgens during postnatal development and whether ARs participate in the regulation of these functions. To investigate these effects, we compared behavioral and hormonal responses in neonatally gonadectomized (Neo-Gdx) or sham-operated (Neo-Sham) wild-type (WT) and AR-deficient male rats with the testicular feminization mutation (Tfm). Tfm rats represent a genetic model for exploring the role of the AR in brain and behavior (45) . In rats, this mutation consists of a single base pair replacement in the AR gene resulting in the expression of a normal sized but dysfunctional AR protein; consequently, sensitivity to androgens through ARs is greatly reduced (46, 47) . In the present report, newborn WT and Tfm male rats were either gonadectomized (Neo-Gdx) or sham operated (NeoSham), then in adulthood provided with equivalent T before assessing anxiety, ASR, PPI, and adrenal responses. We confirm reports that testicular hormones during postnatal development lead to greater indices of anxiety in adulthood, and because we find almost all effects of neonatal castration are equivalent in WT and Tfm males, conclude that these developmental effects of T increasing adult anxiety are independent of ARs. This contrasts with our previous findings in Tfm mice, which indicate that in adulthood, the anxiolytic effects of circulating T are dependent on functional ARs (6) . Thus, T can activate ARs in adulthood to reduce anxiety-related behaviors, but it acts through some other mechanism in development to increase those behaviors. We also report a role for developmental androgens in the regulation of PPI and stress hormone levels that are independent of ARs.
Materials and Methods

Animals
Our colony of Long Evans rats carrying the Tfm mutation was maintained at Michigan State University and group housed in a vivarium with a 12-h light, 12-h dark cycle, lights on at 0600, with food and water ad libitum. On the day of birth, Tfm and WT male pups were either gonadectomized (Neo-Gdx Tfms, n ϭ 11; Neo-Gdx males, n ϭ 9) or sham operated (Neo-Sham Tfms, n ϭ 10; Neo-Sham males, n ϭ 9; procedure described in detail below). All rats were weaned at 21 d old, at which point ear punches were taken, and rats were genotyped using a modified PCR described elsewhere (48) . Products of this reaction differentiated between the Tfm and WT alleles for AR, as well as male vs. female, based on the presence or absence of the Sry gene found only on the Y chromosome. In adulthood, animals were either gonadectomized (for those that were sham operated at birth) or sham operated and implanted with T capsules to equilibrate adult circulating T (procedure described in detail below). All procedures were reviewed and approved by the Michigan State University Institutional Animal Care and Use Committee.
Neonatal castration
Within 12 h after birth, pups were removed from their home cage and anesthetized by hypothermia. After pups were deeply anesthetized, incisions were made on either side of the lower abdominal cavity, and the gonads were visualized and removed or left intact (sham operated). Incisions were closed with surgical glue, and pups were placed under a lamp until they were warm and mobile before returning to their home cage.
Adult castration and hormone replacement
At 120 d, rats were anesthetized with isoflurane and either gonadectomized (for those that were sham operated at birth) or sham operated (for those that were gonadectomized at birth). In rats receiving gonadectomy, testes were externalized via bilateral incisions made in the scrotum (WT males) or in the lower abdominal area (Tfm males), and testes were tied off with silk suture and removed. In sham-operated rats, bilateral incisions were also made into either the scrotum (WT males) or lower abdominal area (Tfm males). Incisions in the abdominal muscles were closed with silk suture, and the overlying skin was closed with wound clips, whereas scrotal incisions were closed with wound clips. All rats also received two sc SILASTIC (Dow Corning Corp., Midland, MI) capsules (1.57 mm inner diameter, 3.18 mm outer diameter; 20 mm effective release length) containing free T via a 2-cm incision dorsally at the nape of the neck. We recently demonstrated that these SILASTIC capsules deliver normal male physiological levels of T to adult rats (49) . The analgesic buprenorphine (0.05 mg/kg) was injected sc postoperatively.
Behavior testing
Beginning 2 wk after adult gonadectomy or sham operation, animals were tested for anxiety-related behavior, sensorimotor gating, and blood corticosterone levels. Testing took place in an order we judged was least to most anxiety provoking: open field/ novel object test, light/dark box (LD box), EPM, PPI, and blood corticosterone collection at killing (all described in detail below), with a minimum of 72 h between tests. To control for circadian variations in behavior, all anxiety-related tests were administered between 1000 and 1400 h. PPI was conducted during the dark cycle beginning at 1900 h.
Open field/novel object test
Open field/novel object testing took place in a 48 ϫ 48 in. white plastic box illuminated from directly above by a 60-W light. A grid was drawn in the box to demarcate entries into the center area and activity (grid crossings). Rats were first placed into a corner of the empty open field, and behavior was recorded via an overhead video camera for 5 min. After 5 min, rats were removed, the box was cleaned with 70% ethanol, and a novel object (a 4 in. diameter ϫ 8 in. high cylindrical metal oxygen tank cap) was placed in the center of the chamber. Three minutes after removal from the open field, the rat was replaced into the chamber now containing the novel object, and behavior was recorded for another 5 min. The number of entries into the center area, time spent in the center area, visits to the novel object, and time spent visiting the novel object were assessed as indices of anxietyrelated behavior. The number of grid crossings and rearings was assessed as measures of activity, and all behaviors were coded at a later time by a blind observer. The box was again cleaned with 70% ethanol before testing the next subject.
Light/dark box
The LD box (Phenome Technologies, Inc., Lincolnshire, IL) consisted of a rectangular box that was divided into two regions, one light (40 cm length ϫ 38 cm width ϫ 29 cm height) and one dark (31 cm length ϫ 28 cm width ϫ 29 cm height). The dark region was constructed of black plastic and was covered by a black lid, whereas the light region was constructed of transparent Plexiglas and was illuminated by a 60-W light that was 3 feet directly above it. The two chambers were connected by a small opening (7.5 cm height ϫ 7.5 cm width) that allowed the animals to freely enter either area. Animals were placed in the light side of the chamber facing the opening to the dark chamber and were allowed to move freely between the two compartments for 10 min. Behavior was recorded via an overhead video camera for coding at a later time by a blind observer. The number of entries into and time spent in the two compartments, as well as the number of rearings in the light compartment, was assessed as indices of anxiety and activity. The box was cleaned with 70% ethanol between subjects.
Elevated plus maze
The EPM consisted of two open and two closed arms (50 ϫ 10 cm) that extended from a center platform and was elevated 50 cm above the floor. Testing took place in a dimly lit room, in which rats were placed in the center area of the EPM facing an open arm and allowed to move freely between the arms for 10 min. Behavior was recorded using an overhead video camera and was coded at a later time by a blind observer. The number of entries into and the amount of time spent on the open arms were assessed as indices of anxiety-related behavior. Total arm entries (open and closed) were assessed as a measure of activity. The maze was cleaned with 70% ethanol between each test.
PPI and ASR
Rats were tested for PPI 1 h after lights off in a room illuminated by dim red light. PPI was measured in ASR chambers (SR Lab startle response system; San Diego Instruments, San Diego, CA). Animals were placed into the chamber for 18 min, the first 5 min of which is an acclimation period. For the remaining 13 min, the fast muscle twitch startle responses of animals to a 100 decibel tone alone (ASR), or preceded by 100 msec by tones of 3, 8, 10, or 15 decibels were recorded via SR Lab software (San Diego Instruments). The prepulse should permit the subject to anticipate the loud pulse and consequently startle less severely. Each of these trials was repeated six times at pseudorandom intervals. After the test, animals were removed, and the chamber was cleaned with 70% ethanol.
Plasma collection and corticosterone assay
One week after PPI testing, blood was collected from rats at baseline between 0900 and 1100 h. Rats were removed from their home cage, deeply anesthetized with isoflurane, and decapitated, with trunk blood collected within 2 min of cage disturbance. All blood was collected in 1.5 ml tubes containing 250 l of heparin and held on crushed blue ice until centrifugation. After centrifugation, plasma was collected and frozen at Ϫ20 C until the assay was performed. Plasma was assayed for corticosterone at the Diagnostic Center for Population and Animal Health at Michigan State University using a Coat-A-Count Corticosterone kit (Diagnostics Products Corp., Los Angeles, CA). All plasma samples were run in duplicate, and results were averaged. Intra-and interassay coefficients of variation were less than 5 and less than 7%, respectively. Brains were removed and weighed immediately after killing.
Statistical analysis
For PPI, a mixed design repeated measures ANOVA was used to analyze data with genotype and neonatal treatment as a between groups factors and prepulse intensity as within (or repeated) groups factor. Anxiety-related behaviors, ASR, and corticosterone levels were each analyzed separately using two-way ANOVA (neonatal treatment as one factor, genotype as another). All significant main effects or interactions were further analyzed using Tukey's multiple comparisons tests. Differences were considered significant when P Ͻ 0.05, and all data are reported as means Ϯ SEM with N the number of animals in each group.
Results
Neonatal castration of male rats reduced adult indices of anxiety in four different tests, whether the males carried a (Fig. 1C, left) , but there were no significant effects on number of rearings (Fig. 1C,  right) . Post hoc comparisons revealed that Neo-Sham males had significantly fewer grid crossings than did either Neo-Gdx male or Neo-Gdx Tfm groups (P Ͻ 0.05 and P Ͻ 0.01, respectively). No significant main effects of genotype or interactions were found for any measures in the open field test.
In the novel object test, neonatal gonadectomy elevated the number of novel object visits [F(1,35) ϭ 7.872, P Ͻ 0.01; Fig. 2B] and the number of grid crossings [F(1,35) ϭ 4.660, P Ͻ 0.05; Fig. 2C , left] with no main effects of genotype or interactions. Post hoc comparisons did not reveal any other significant group differences, indicating only an overall effect of neonatal treatment in these mea- Neo-Gdx rats visited the novel object more frequently than Neo-Sham rats (P Ͻ 0.05) and showed a greater number of grid crossings than did Neo-Sham rats (P Ͻ 0.05). Time spent visiting the object and the number of rearings did not significantly differ between groups. These data indicate that neonatal castration of male rats decreases indices of anxiety and increases activity in the novel object test and that an intact AR is not required for these effects. Mean Ϯ SEM.
sures. No significant effects of treatment or genotype were found for time spent visiting the novel object ( Fig. 2A) or the number of rearings (Fig. 2C, right) .
In the LD box, Neo-Gdx rats showed an elevation in time spent in the light area [F(1,34) ϭ 9.663, P Ͻ 0.01], the number of entries into the light area [F(1,34) ϭ 9.663, P Ͻ 0.01], and the number of rearings in the light area [F(1,34) ϭ 9.894, P Ͻ 0.01], with no significant main effects of genotype or interaction (Fig. 3, A-C) .
Neo-Gdx rats also had more open arm entries in the EPM than Neo-Sham rats [F(1,34) ϭ 9.894, P Ͻ 0.01; A mixed design ANOVA using genotype and neonatal treatment as between groups factors and prepulse intensity as a within groups factor revealed the expected effect of prepulse intensity [F(3,140) ϭ 22.86, P Ͻ 0.001] in which PPI increased as intensity of the pre-
FIG. 3.
Developmental testicular secretions increase indices of anxiety in the LD box. A, The amount of time spent in the light area; B, number of visits to the light area; and C, rearings in the light area of the LD box. As a group, Neo-Gdx rats spent more time in (P Ͻ 0.01), showed more visits to (P Ͻ 0.01), and reared more frequently in the light area (P Ͻ 0.01) than did Neo-Sham rats. These data indicate decreased anxiety-related behavior and greater activity in the LD box after neonatal castration in rats. Mean Ϯ SEM. pulse increased. There was also a significant main effect of neonatal treatment [F(1,35) ϭ 9.970, P Ͻ 0.01) as Neo-Gdx rats showed increased PPI compared with Neo-Sham rats (Fig. 5A ). There was no significant effect of genotype and no interaction. A two-way ANOVA of averaged overall PPI revealed a marginally significant main effect of neonatal treatment (P ϭ 0.051), which again reflected increased PPI in Neo-Gdx compared with Neo-Sham rats (Fig. 5B) .
FIG. 4. Neonatal castration increases visits to
The only effect of a dysfunctional AR on behavior was seen in ASR to a pulse alone, without any prepulse. Neonatal castration decreased ASR [F(1,35) ϭ 9.760, P Ͻ 0.01], because Neo-Gdx rats showed a reduced ASR compared with Neo-Sham rats (Fig. 5C ), which is consistent with the above findings that Neo-Gdx reduces measures of adult anxiety. Post hoc tests indicated that Neo-Sham Tfms displayed an increased ASR compared with NeoGdx Tfm and Neo-Gdx male groups (P Ͻ 0.05 and P Ͻ 0.01, respectively). No significant main effect of genotype or interaction was found for average ASR.
A two-way ANOVA (neonatal treatment x genotype) was performed to compare basal corticosterone levels. This analysis revealed that Neo-Gdx rats had higher basal corticosterone levels than Neo-Sham rats [F(1,34) ϭ 8.546, P Ͻ 0.05], with no main effect of genotype or interaction (Fig. 6A) . Post hoc comparisons did not reveal any further significant group differences, indicating only an overall effect of neonatal treatment in this measure.
A two-way ANOVA for brain weight also revealed a significant main effect of neonatal treatment [F(1,34) ϭ 8.546, P Ͻ 0.05], with no main effect of genotype or interaction. Post hoc comparisons revealed reduced brain weights in Neo-Gdx Tfm and Neo-Gdx male groups compared with Neo-Sham males (P Ͻ 0.01; Fig. 7A ). There 
Discussion
Neonatal castration of male rats reduced adult indices of anxiety-related behavior in all the tests we administered.
FIG. 5. Neonatal castration increases PPI. PPI across prepulses (A), averaged overall PPI (B)
, and ASRs to pulse alone (C) in Neo-Gdx and Neo-Sham WT and Tfm male rats. PPI was increased in Neo-Gdx compared with Neo-Sham rats across prepulses (P Ͻ0.01), an effect that was equivalent in WT and Tfm males. Similarly, averaged overall PPI was also marginally increased in Neo-Gdx compared with NeoSham rats (P ϭ 0.051). ASR was decreased in Neo-Gdx compared with Neo-Sham rats (P Ͻ 0.01), a difference largely accounted for by an increased ASR in Neo-Sham Tfm males. Because developmental testicular secretions increase adult ASR only in Tfm males, there may be both AR-and ER-mediated developmental influences on this behavior. Mean Ϯ SEM.
FIG. 6.
Neonatal castration elevates corticosterone levels. Adult basal corticosterone levels were elevated by neonatal castration in both WT and Tfm male rats (P Ͻ 0.05). Mean Ϯ SEM.
Specifically, Neo-Gdx males displayed a greater number of visits to the center area of the open field, to a novel object in the open field, to the light area of the LD box, and to the open arms of the EPM, as well as a decreased ASR compared with Neo-Sham males. Neo-Gdx rats also spent more time in the center area of the open field and light area of the LD box and tended to spend more time in the open arms of the EPM. These findings are in accord with a previous report of decreased anxiety-related behavior in the EPM in male rats that were gonadectomized at birth compared with sham-operated rats (22) . Unlike that previous study, in our study, T levels were equilibrated in adulthood, strengthening the idea that T exposure during development increases adult expression of anxiety. Thus, these findings also indicate that sex differences in anxiety behaviors that have been reported in rats (females less than males, see Refs. 18 -23, 50 ) may, at least partially, be related to organizational effects of T, which could not have been concluded from studies that failed to equilibrate adult androgen levels. However, because we did not directly compare females in this study, this possibility is only speculative. Because we see these same effects of neonatal castration in Tfm rats carrying a dysfunctional AR, these organizational effects of T to increase adult anxiety-related behavior do not appear to be regulated through AR. That conclusion is in contrast with our previous findings that the "activational" effects of adult T treatment, which reduces anxiety-related behavior in WT males, has no such effect on Tfm mice (6). Thus, although neonatal and postnatal T increases adult anxiety-related behaviors in an AR-independent manner, adult T exerts an opposing effect by acting through AR.
Several activity measures (grid crossings in the open field and novel object tests, transitions between compartments and rearings in the light area of the LD box, and total arm entries in the EPM) were elevated in Neo-Gdx compared with Neo-Sham rats. These data are also in accord with previous reports that Neo-Gdx rats show increased ambulation in the open field and more total arm entries in the EPM (51, 22) . Therefore, data from this study and others indicate that the presence of T during development contributes to sex differences in activity in adult rodents (females generally more active than males). Because there were no differences in activity measures between Neo-Sham Tfm and Neo-Sham WT males, our data also indicate that T does not act through the AR to have these effects on activity. Thus T's organizational influence on activity may be ER mediated.
There was only a single exception to the above pattern that AR is irrelevant to developmental T effects on adult anxiety-related behaviors, and that was in the ASR, which has also been suggested to reflect anxiety in mice and rats (52) (53) (54) (55) . Again, Neo-Sham rats showed a greater ASR than Neo-Gdx rats, but this difference was largely due to effects in Tfm rats. Neo-Sham Tfm males showed a moderately increased startle response compared with NeoSham males and a significantly increased startle response compared with Neo-Gdx males of both genotypes (see Fig.  5C ). Thus, removing developmental testicular secretions from Tfm rats, but not WT rats, decreases ASR. This result indicates a complex relationship between AR and possibly ER in the display of this behavior.
PPI was increased in Neo-Gdx rats compared with Neo-Sham rats, indicating an organizational effect of T in sensorimotor gating. Gonadal hormone administration in adulthood was previously shown to influence PPI in rats (43, 44) , but to our knowledge, this is the first evidence of an organizational effect of hormones on PPI in rodents. A recent report in nonhuman primates indicated that gonadectomy before puberty also resulted in increased PPI (56) . Thus, differences in PPI in the present study may also be regulated by pubertal rather than neonatal hormones, as further studies would be needed to define the sensitive period. Again, this effect on PPI appears to be independent of AR activation, because there were no differences between Neo-Sham Tfm and Neo-Sham WT males. Because deficits in sensorimotor gating are associated with disorders, including schizophrenia, autism, and Tourette's syndrome (57-59), our findings suggest that exposure to androgens during development predisposes males to these disorders.
Our finding of elevated basal corticosterone levels in Neo-Gdx rats agrees with another report of increased adult basal corticosterone in neonatally gonadectomized rats (37) . Prenatal administration of flutamide (an AR antagonist) or 1,4,6-androstatriene-3,17-dione (an aromatase inhibitor) also results in increased basal corticosterone levels in rats, indicating that androgens act through both ARs and ERs around the time of birth to organize basal corticosterone levels (36) . However, we found no significant differences in basal corticosterone levels between Tfm and WT males among NeoSham groups, which suggest that AR deficiency during ontogeny does not affect basal adrenal hormone levels in rats. In contrast, stress induced levels of corticosterone do appear to be AR dependent. Our previous studies found that exposure to an open field with a novel object triggered a larger corticosterone response in Tfm males than WT males, in both mice (6) and rats (Zuloaga, D. Z., unpublished observation).
In the present study, increased basal corticosterone levels did not correlate positively with anxiety-related behaviors as in other studies (6, 26) , because neonatal castration increased levels of the hormone while decreasing anxiety. However, occasional disconnects between these two measured have been shown, particularly in the context of hormone effects. For instance, treatment of adult rats with estradiol results in decreases in anxiety-related behaviors (25) but increases in corticosterone levels (60) . Similarly, female rats commonly show the same pattern of decreased anxiety and increased stress hormone levels compared with male rats (23, 34) . Together, these findings indicate that anxiety and stress hormone levels do not necessarily correlate and underlines the point that these functions are mechanistically distinct and may therefore be differentially affected by developmental androgens.
Brain weight analysis also revealed an effect of neonatal treatment on brain weight with Neo-Sham rats having heavier brains than Neo-Gdx rats. This difference was largely accounted for by heavier brain weights in NeoSham WT males compared with both Neo-Gdx groups, although Neo-Sham Tfm males also tended to have heavier brains than did Neo-Gdx rats. Decreased brain weight in Neo-Gdx rats compared with Neo-Sham WT males resembles generalized sex differences in brain weight (males more than females, see Refs. 45, 61) and indicate that adult brain weight is increased by testicular secretions during development in male rats. Confirming our previous findings in gonadally intact rats (45), brain weight did not significantly differ between Tfm and WT males, indicating that T increases brain weight via an ARindependent mechanism. Because the Tfm mutation decreases body weight, but has no effect on brain weight, an effect seen in both rats and mice (45) , masculinization of these two parameters are at least partially independent in rodents.
AR signaling is not completely eliminated in Tfm males but is estimated to be reduced by 85-90% (46) . This reduced sensitivity is enough to result in a completely feminine exterior, in terms of feminized anogenital distance, the presence of nipples, and an external vagina (45) . Alternatively, postnatal androgens may act through aromatization and stimulation of ERs to affect behaviors measured in this study. Supporting this possibility are reports that ovarian hormones, acting both in development and adulthood, also appear to contribute to these sex differences (23, 25) . Studies in Tfm rats indicate that estrogen binding in the brain is similar to WT males and aromatization also normally occurs in the adult Tfm brain (developmental levels are unknown), although it is reduced within several brain regions (62) . Testicular secretions during the neonatal period in Tfm rats have also been shown to permanently masculinize sexual behavior (63) . These findings (along with the evidence that androgens act through ERs during this period to masculinize sexual behavior) (10 -11) indicate that ER activation is near normal in developing Tfm rats. However, because ER activation was not a focus of the current study, we cannot conclude that the effects reported here result from such activation.
Presumably, all of these behavioral and endocrine effects of developmental androgens occur as a consequence of alterations in specific brain regions. Androgens may act on several stress/androgen responsive brain regions to affect anxiety-related behaviors and the HPA axis, including the amygdala, hippocampus, paraventricular nucleus of the hypothalamus, and bed nucleus of the stria terminalis (31, 55, 64, 65) . Sensorimotor gating (specifically PPI) is also mediated by a complex network of brain regions, including the prefrontal cortex, basolateral amygdala, nucleus accumbens, and ventral tegmental area among many others (66) . During postnatal development, androgens may interact with these brain regions to alter the adult display of behaviors.
In conclusion, Neo-Gdx rats showed reduced indices of anxiety compared with sham-operated rats in several different tests thought to reflect anxiety (open field, novel object test, LD box, EPM, and ASR), indicating that tes-ticular secretions during postnatal development normally result in increased anxiety in adult male rats. Virtually all of these effects of neonatal testicular secretions are equivalent in WT and Tfm males, indicating that AR does not mediate these developmental effects, and stands in contrast to our previous findings in Tfm mice that indicate AR in adulthood have anxiolytic effects (6) . Compared with Neo-Sham rats, Neo-Gdx rats also showed increased PPI and corticosterone levels as well as decreased brain weights, and these effects are also independent of AR. Only in ASR, which was decreased by neonatal gonadectomy only in Tfm males, did we find evidence that developmental AR stimulation may affect adult anxiety.
Together, these findings indicate a role of T before adulthood in the organization of anxiety-related behaviors, locomotor activity, the HPA axis, sensorimotor gating, and brain weight and indicate that a functional AR is not required for these masculinizing effects of T during postnatal development.
